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APPARATUS AND PROCESS FOR THE MANUF ACTURE OF OPTICAL 

FIBER BRAGG GRATINGS 

BACKGROUND OF THE INVENTION 

5 Field of the Invention 

The present invention relates to an apparatus and process for forming a 
Bragg grating in an optical fiber element. More particularly, the present invention 
relates to an apparatus and a continuous or stepwise continuous process for 
making optical fiber Bragg gratings in a coated optical fiber element. In a 

1 0 presently preferred embodiment, the process of the present invention includes the 
steps of removing a sufficient amount of a removable coating from at least one 
predetermined section of an optical fiber element such that optical radiation may 
access a core of the optical fiber, immobilizing the predetermined section of the 
optical fiber, forming at least one Bragg grating in the predetermined section of 

15 the optical fiber, and treating the predetermined section of the optical fiber to 
package the Bragg grating. 

Description of Related Art 

A Bragg diffraction grating is a structure that has a periodic pattern of 

20 alternating high and low optical refractive index values. Bragg gratings are useful 
because of their ability to reflect a particular wavelength or "color" of light. The 
color that will be reflected by a grating is the color whose wavelength exactly 
matches twice the effective grating period. See, for example, Morey et al., 
Photoinduced Brace Gratings in Optical Fibers , Optics and Photonics News, vol. 

25 5, no. 2 (February 1994); Meltz et al., Formation of Bragg Gratings in Optical 
Fibers bv a Transverse Holographic Method , Opt. Lett. 14 (1989) at 823-25. 

It is well known that Bragg gratings may be formed by creating an 
interference pattern in the germanosilicate glass core of an optical fiber, typically 
by recombining two parts of the beam of an ultraviolet laser. The first optical 

30 fiber Bragg gratings were produced accidentally when an argon ion laser remained 
focused into the end of an optical fiber for a period of hours. A portion of the 
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beam was reflected back upon itself in the fiber, producing a standing wave 
interference pattern. In the bright sections of the interference pattern (where the 
forward- and backward-traveling waves reinforce each other), the laser light 
interacted with germanium sites in the fiber core and changed the local refractive 
5 index. At the dark sections of the interference pattern (where the two waves 
destructively interfere and cancel each other), the refractive index remained 
unchanged. 

However, this "end launch 1 ' method of "writing" Bragg gratings in optical 
fibers allows almost no control of the location of the grating within the fiber, the 
10 angle of the grating planes with respect to the optical fiber axis, or the grating 
period. All of these variables are important to control when constructing useful 
devices based on fiber optic Bragg gratings, and the end launch method has not 
proved useful for producing optical fiber Bragg gratings in commercial quantities. 
To provide greater flexibility in the design of fiber optic Bragg grating 

15 devices, techniques have been developed to write gratings by applying optical 
radiation through the side of (e.g. normal to the length of) an optical fiber. One 
such technique, as illustrated in U.S. Patent Nos. 4,725,110 and 4,807,950, 
involves splitting a laser beam into two sub-beams and recombining these sub- 
beams at a known and controllable angle within the core of the optical fiber. A 

20 second well-known technique described in the technical and patent literature 
involves focusing the laser beam on the fiber core through a grooved or patterned 
transmissive optical element known as a phase mask. This phase mask 
holographically creates an interference pattern in the optical fiber core. 

The above-described techniques for producing optical fiber Bragg gratings 

25 are well established, but certain technical difficulties to date have prevented their 
use in large scale continuous or stepwise continuous production processes. For 
example, a significant production problem is removal of the coating which covers 
the section of the optical fiber to be treated with the laser. Optical fibers are 
produced with a coating which protects the delicate glass structure from chemical 

30 or mechanical attack, and this coating must be substantially completely removed if 
the applied optical radiation is to access and form a Bragg grating in the optical 
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fiber core. If a coated optical fiber is to be used in the manufacture of a fiber 
Bragg grating, it is necessary first to thermally, chemically or mechanically remove 
all or a part of the protective coating from the coated optical fiber to leave an 
optically treatable, preferably bare, fiber surface. See, for example, Rizvi and 
5 Gower, Production of Bragg Gratings in Optical Fibers by Holographic and Mask 
Production Methods . The Institute of Electrical Engineers, Optical Fiber Gratings 
and Their Applications, January 1995. 

However, conventional thermal, mechanical or chemical means for 
stripping the coating from the bare fiber in manufacturing processes are time 
10 consuming and reduce the physical integrity of the fiber. See, e.g., M. C. Farries 
et al., Fabrication and Performance of Packaged Fiber Gratings for 
Telecommunications , The Institute of Electrical Engineers, Optical Fiber Gratings 
and Their Applications, January 1995; Tang et al., Annealing of Linear 
Birefringence in Sin p le-Mode Fiber Coils: Application to Optic al Fiber Current 
15 Sensors . Journal of Lightwave Technology, vol. 9, No 8, August 1991. 
Therefore, careful removal of the optical fiber coating is required to form a 
sufficiently clean glass surface to allow treatment of the optical fiber core with the 
laser, as well as an optical fiber which retains its strength after formation of the 
Bragg grating in the core. Time-consuming and labor intensive coating removal 
20 steps have to date limited manufacture of optical fiber Bragg gratings to 
production in small batches In these batch processes the coating is typically 
chemically removed from a short length (referred to herein as a "section") of 
several optical fibers. The fibers are then treated, one at a time, with a laser using 
a phase mask projection technique to form Bragg gratings in the sections of the 
25 optical fibers where the coating was removed. These production processes 
provide good control over formation of a single Bragg grating in a short length of 
optical fiber. However, the batch technique is obviously not economically feasible 
for large scale Bragg grating production, or for production of multiple Bragg 
gratings in a long length of optical fiber for grating arrays. In addition, in the 
30 batch technique the bare optical fiber is exposed for significant lengths of time, 
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which may degrade fiber strength. To monitor grating quality, the batch technique 
requires a termination for each optical fiber end. 

To address the coating removal problems in the batch production 
technique, some optical fiber Bragg gratings have been written as the optical fiber 
5 is produced on the draw tower. Draw tower production makes coating removal 
unnecessary, since the optical fiber cores are treated with optical radiation to form 
Bragg gratings before their protective coating(s) is applied. Formation of Bragg 
gratings during fiber draw increases production volume compared to the batch 
process described above. However, as the optical fibers are drawn on the draw 

10 tower, the Bragg gratings must be formed with a single shot from the laser, and 
the draw process cannot be stopped or interrupted to use different grating writing 
techniques. Further, the Bragg condition (for example, center band wavelength) 
of the Bragg grating depends on the exact placement of a predetermined section of 
the optical fiber relative to a writing zone, and since the position of the optical 

15 fiber drawn on the tower cannot be precisely controlled, the grating writing 
process cannot be sufficiently stable from shot to shot. The variation in draw 
speed also makes precise location of the Bragg grating difficult. Therefore, while 
the draw tower production technique increases production speed compared to the 
batch process, this speed comes at a significant cost in grating quality and 

20 precision. 

To date, no apparatus or process for the large scale manufacture of optical 
fiber Bragg gratings has been identified which provides production speed and 
efficiency, ensures grating quality, and maintains optical fiber strength following 
grating formation. 

25 

SUMMARY OF THE INVENTION 

The present invention is a stepwise continuous process for the manufacture 
of optical fiber Bragg gratings which provides the speed of draw tower production 
processes as well as the control over grating quality available from small scale 
30 batch processes The process of the present invention decouples the optical fiber 
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draw process from the grating writing process and provides an efficient and 
economical off-line method for producing Bragg gratings in coated optical fibers. 

In a presently preferred embodiment, the present invention is a process for 
manufacturing an optical fiber Bragg grating, which comprises the following steps: 

(a) removing at least a portion of a removable coating in at least one 
predetermined section of the element to sufficiently expose an optical fiber in the 
section for subsequent treatment with a source of optical radiation; 

(b) fixing the at least one section with respect to the source of optical 
radiation; 

(c) directing optical radiation from the source into the at least one 
section to produce a Bragg grating therein; and 

(d) covering the at least one section. 

In step (a), a glass optical fiber element of any diameter or shape may be 
provided for processing The optical fiber element is preferably coated with a 
1 5 removable permanent or semi-permanent coating to protect it from the 

environment. If necessary, the coating is removed from a single predetermined 
section of an optical fiber, from multiple sections, or from its entire length by at 
least one of mechanical, chemical, or thermal coating removal techniques. 
Complete removal of the coating in the section is preferred, but it is only 
necessary to sufficiently remove the coating such that the optical radiation may 
access the optical fiber core in the section to form the Bragg grating therein. 

In step (b), the predetermined section of the optical fiber where the Bragg 
grating is to be formed is immobilized, e.g. fixed with respect to a source of 
optical radiation, so that the grating writing process may proceed in that section 
25 with the desired degree of precision. The section to be processed may be 

immobilized in any known manner, but gripping the fiber adjacent a first end of the 
section and adjacent a second end of the section with a mechanical clamping 
device is preferred. If desired, the clamping devices may be used to apply 
longitudinal stress to the fiber during grating writing (step(c)) to fine-tune the 
wavelength of the Bragg grating formed in the processed optical fiber section and 
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continuously monitor its quality, or may include optional means for rotationally 
orienting the fiber prior to or during grating formation. 

In step (c), optical radiation, preferably emitted from a coherent source 
such as laser, is directed into the section of the optical fiber to be processed. A 
5 single Bragg grating or multiple Bragg gratings may then be formed in the core of 
the predetermined section of the optical fiber using phase mask projection, 
holography, or a combination thereof. The fiber may optionally be annealed 
following step (c) to improve the stability of the Bragg grating. 

In step (d), at least the processed section of the optical fiber which 
10 contains the Bragg grating, or the entire optical fiber element, is covered as 
required for its end use application. The covering may vary widely depending on 
the intended application, and may include application of temporary or permanent 
sleeves, or application of mechanical devices such as connectors. However, the 
processed section containing the Bragg grating, or the entire optical element, is 
15 typically recoated with a protective coating to protect the optical fiber and Bragg 
grating in the processed section from the environment, and to preserve the 
strength of the optical fiber element. The application of this coating also allows an 
opportunity to identify the location of the Bragg grating formed. For example, to 
identify the location of the Bragg grating along a length of optical fiber, the 
20 processed section may be recoated with a coating having a different color than the 
coating on the non-processed portion of the fiber. In the alternative, the 
processed section may be recoated with a clear coating, or an identifying mark, 
such as, for example, a bar code, may be applied. 

In another embodiment, a coating may be applied to the optical fiber 
25 element which is sufficiently transparent to the optical radiation at the grating 
writing wavelength such that no coating removal step is required. In this 
embodiment, the process of the present invention comprises the following steps: 
(a) fixing at least one predetermined section of the element with 
respect to a source of optical radiation; and 
30 (b) directing optical radiation from the source through the coating to 

produce at least one Bragg grating in the at least one section. 
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If necessary, the optical fiber may then be further processed to protect its optical 
and physical properties. 

The present invention also extends to an apparatus for carrying out the 
process steps described above. The apparatus of the present invention will 
typically be provided as a process line with a coating removal station, a fiber 
immobilization and Bragg grating writing station, and a packaging station. The 
apparatus or the stations thereof may optionally besupplied in modular form. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic diagram of an apparatus for continuous or stepwise 
continuous processing of optical fiber elements according to the process of the 
present invention; 

Fig. 2A is a spectrum analyzer plot of reflection vs. wavelength for a 
15 Bragg grating array produced according to the process of the present invention; 
and 

Fig. 2B is a spectrum analyzer plot of reflection vs. wavelength for the 
Bragg grating array of Fig. 2A with one grating in the array placed under 
longitudinal strain. 

20 

DETAILED DESCRIPTION OF THE INVENTION 

The process of the present invention is typically used to manufacture 
Bragg gratings from plastic or glass, preferably silica-based glass, bare optical 
fibers which have been drawn and coated on a draw tower with at least one 

25 protective coating to form an optical fiber element. As is well known in the art, 
optical fiber elements generally consist of a bare fiber(s), and one or more buffer 
layers around the bare fiber to protect the optical fiber from microbending losses 
and abrasion (see, for example, Sterling, Technician's Guide to Fiber Optics, 
(1993), at page 73). In the present application, the term "bare fiber" or "optical 

30 fiber" refers to a section of the fiber optic element from which the buffer and 
external strength members have been removed. If a non-strippable protective layer 
lies beneath the buffer, the protective layer is considered part of the bare fiber. 
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Referring to an apparatus 10 schematically illustrated in Fig. 1, the optical 
fiber elements 12 which may be incorporated into the process of the present 
invention are typically stored wound on spools. The optical fiber elements 12 
used in the apparatus and process of the present invention are provided with at 
5 least one coating. In the process of the present invention, the coatings are applied 
to a bare optical fiber, or a bare optical fiber with a non-strippable protective 
layer, and do not include the strength members or the jacket which make up the 
outer layers of an optical fiber cable. 

As is well known in the art, the coatings which are applied to the bare fiber 
10 at the draw tower will vary widely depending on the fiber's intended end use 
application. The coatings are typically selected to protect the delicate optical fiber 
structure from mechanical and/or environmental damage. Optionally, a coating 
may be applied to the bare fiber which is also sufficiently transparent to a 
particular wavelength of optical radiation such that the selected wavelength may 
15 be directed through the coating to form a Bragg grating. Such a coating will be 
referred to herein as a transparent coating. However, other design considerations 
may require that a coating be selected which is not transparent to the wavelength 
of optical radiation used to form the Bragg grating in the optical fiber core. If the 
coating material on the optical fiber element 12 is not substantially transparent to 
20 the wavelength of optical radiation used to write the Bragg grating, it is necessary 
that the coating be sufficiently removed to allow the selected wavelength to access 
the optical fiber core. The non-transparent coatings may comprise any material 
substantially completely removable by at least one of a mechanical, chemical or 
thermal technique. Such coatings will be referred to herein as removable coatings. 
25 In the apparatus and process of the present invention, the optical fiber 

element 12, or a specified length thereof, is unwound from a tension controlled 
payoff spool 14. The payoff spool 14 may include an optional rotational optical 
coupler (not shown) to provide real-time information regarding the Bragg grating 
writing process. The optical element 12 is pulled through a series of alignment 
30 pulleys 16 by a drive capstan apparatus 18 to an optional coating removal station 
20. Of course, if a coating is applied to the optical fiber element 12 which is 
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substantially transparent to the wavelength of the optical radiation to be used to 
write the Bragg grating in the optical fiber core, no coating removal step is 
required in the process of the present invention. However, the apparatus and 
process of the present invention will be further described below assuming that a 
5 removable coating is applied to the optica! fiber which is not transparent to the 
wavelength of the optical radiation to be used to write the Bragg grating in the 
optical fiber. 

In the coating removal station 20 it is necessary that a sufficient portion of 
the coating be removed from a predetermined section of the optical fiber element 

10 such that optical radiation may access the optical fiber core to form a Bragg 
grating therein. The predetermined section of the optical fiber may comprise the 
entire length of the optical fiber element, or any length less than the entire length. 

As noted above, the removable coating may be substantially removed from 
the optical fiber in the coating station 20 by any of mechanical, chemical, or 

15 thermal means, or combinations thereof. Regardless which method of coating 
removal is employed in the coating removal station 20, it is important to select a 
removable coating for use in the apparatus and process of the present invention 
that may be substantially completely removed from the optical fiber to permit 
subsequent processing with optical radiation to form a Bragg grating in the optical 

20 fiber core. In the coating removal station 20, the removable coating is preferably 
completely removed, but partial removal of the coating may also be used if such 
removal is sufficient to permit subsequent processing However, any residue 
which remains in contact with the bare fiber surface following incomplete removal 
of a coating, particularly carbonaceous residue following incomplete thermal 

25 removal, creates a local stress concentration, which may significantly degrade the 
tensile strength of the optical fiber. In addition, the small flakes which remain on 
the surface of the optical fiber following incomplete coating removal may block 
optical radiation and interfere with subsequent processing steps. 

For the purposes of the present application, the term substantially 

30 complete removal applies to any polymeric coating which, following removal, has 
a residuum of less than about 10% by weight, preferably less than about 5% by 
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weight, based on the initial coating weight. Coatings which may be used in the 
process of the invention may be identified with a wide variety of analytical 
techniques, such as thermogravimetric analysis (TGA). 

To be useful in the process of the present invention, which is preferably 
5 continuous or stepwise continuous, the substantially complete removal of the 
coating should be completed , in a commercially feasible time, which for the 
purposes of the present application, is less than about 15 seconds, preferably less 
than about 10 seconds, and most preferably less than about 1 second. The 
thickness of the removable coating or coatings used in the process of the present 

10 invention may vary widely : depending on the intended application, but a 
conventional coating thickness of about 15 jj. to about 35 |! is normally used. 

The substantially complete coating removal referred to above is preferably 
accomplished such that fiber tensile strength is not reduced below a predetermined 
level required for a particular end use application. For the purposes of the present 

1 5 invention, the tensile strength of the optical fiber is measured by evaluation of the 
median fracture stress according to ANSI/EIA/TIA-455-28B-1991, which will be 
referred to herein as FOTP-28. Preferably, in the process of the present invention 
the median fracture stress of the optical fiber following coating removal should not 
be reduced more than about 50%, based on the initial median fracture stress of the 

20 optical fiber prior to coating removal. 

However, optical fiber strength testing is statistical in nature, and many 
individual fibers, each of which is representative of a given population, must be 
tested for strength. The result is reported for the population as a whole as a 
strength distribution, and this distribution is characterized by slope, m, (also 

25 referred to as the Weibull modulus) of the well-known WeibuII plot. In the 
present process, the Weibull modulus is a measure of the homogeneity of fiber 
strength retained following coating removal. The strength distribution of the fiber 
following coating removal is preferably narrow, as evidenced by a sufficiently high 
Weibull modulus or slope, m, for an intended application as measured by FOTP- 

30 28. 
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A large m in excess of about 100 corresponds to a uniform or narrow 
strength distribution, and suggests that a characteristic fracture stress exists for the 
fiber and that the probability of failure does not become significant until the 
applied tensile stress approaches that characteristic value. On the other hand, a 
5 low Weibull modulus of less than about 20 suggests that the probability of failure 
is significant at almost any applied stress, and is indicative of low mechanical 
reliability. Preferably, the thermal removal of the coating must reduce the initial 
(e.g., prior to thermal coating removal) Weibull modulus not more than about 
50%. 

10 In the coating removal station 20, the removable coating may be removed 

by any conventional means from the entire optical fiber or from a section of 
predetermined length. For example, the removable coating may be mechanically 
"stripped" from the bare fiber with a knife or similar tool. The removable coating 
may be chemically removed by soaking in an appropriate solution. Many different 

15 chemical solutions may be used, and concentrated sulfuric acid or a combination 
of sulfuric acid and hydrogen peroxide are typical examples. In the alternative, a 
combination of chemical and mechanical coating removal techniques may be used. 
For example, the removable coating may be soaked in a solvent, such as acetone, 
to swell the coating, and then the swelled coating may be mechanically stripped 

20 from the fiber. In the alternative, heat may be applied to the optical fiber by any 
conventional means to deteriorate or burn away the coating. 

However, mechanical stripping with a knife or tool may cause scratches on 
the glass fiber surface, which ultimately lead to fine cracks and decreased fiber 
strength. Chemical stripping techniques often leave a residue on the fiber surface 

25 which reduces fiber strength and interferes with subsequent processing steps. If 
heat is applied to remove the coating, the charred residue which results reduces 
fiber strength and may require additional coating removal steps prior to 
processing. In addition, the optical fiber absorbs heat during coating pyrolysis, 
which may result in fiber embrittlement. While any coating removal procedure 

30 may be employed in the apparatus and process of the present invention, thermal 
removal is presently preferred because it is believed to have the least deleterious 
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effect on the strength of the optical fiber. See copending U.S. Application No. 
08/631,491. 

The removable coatings which are preferred for use in the apparatus and 
process of the present invention are described in copending U.S. Application No. 
5 08/63 1 ,49 1 . Following thermal removal in the commercially feasible time referred 
to above, the preferred removable coatings will have a residuum of less than about 
10% by weight, preferably less than about 5% by weight, based on the initial 
coating weight, after thermal treatment in air at about 300 °C to about 900 °C, 
preferably about 400 °C to about 700 °C, most preferably about 500 °C to about 

10 600 °C. The thermal removal of the preferred removable coating should 
preferably reduce the initial median fracture stress not more than about 50%, 
preferably not more than about 25%, and most preferably not more than about 
15%. The preferred removable coatings used in the process of the present 
invention should reduce the initial (e.g., prior to coating removal) Weibull 

1 5 modulus of the optical fiber not more than about 50%, preferably not more than 
about 25%, and most preferably not more than about 15%. 

The optical fiber fracture stress following removable coating removal is 
sensitive to the amount of heat applied to the fiber. Therefore, it is important in 
the process of the invention that heat be applied in the coating removal station 20 

20 such that a minimum of thermal energy is transferred to the optical fiber. The heat 
may be applied to thermally remove the removable coating in any appropriate 
manner which preserves sufficient optical fiber strength for a particular end use 
application, such as, for example, with a heated resistance filament or other radiant 
type heat source, a C0 2 laser or a heated gaseous stream. Thermal removal of the 

25 removable coating in the coating removal station 20 is preferably performed using 
a heated gaseous stream. While not wishing to be bound by any theory, the heated 
gaseous stream is believed to depolymerize the removable coating material and 
sweep away the volatilized product with minimum transfer of heat to the optical 
fiber. The gaseous stream may comprise any gas or mixture of gases, including 

30 air, nitrogen, argon, and the like, and nitrogen is preferred for its inert properties 
and availability. Gas mixtures containing oxygen are less desirable for use in the 
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process of the present invention, since the heat of combustion generated during 
thermo-oxidative processes increases the temperature of the optical fiber glass and 
degrades its strength characteristics. 

The gaseous stream may be applied by any suitable technique, such as with 
an air gun or an air knife. However, an air knife is preferred for a commercially 
feasible continuous or stepwise continuous process for preferential removal of a 
predetermined length of removable coating from a section of optical fiber. The 
tensile strength of the fiber following removable coating removal may be 
optimized by using a heat source, fixed at a desired distance, at the appropriate 
temperature to remove the removable coating. Of course, the parameters will 
vary widely depending on the coating selected, coating thickness, the processing 
time, gas flow rate, and gas temperature. For example, a resistance wire coiled in 
a circular tube with a restricted output placed about 2 to about 10 mm from the 
surface of the coating, preferably about 5 mm, with a gas flow rate of about 1 to 
15 about 3 scfm, and a gas stream temperature from about 400°C to about 900°C, 
preferably about 600 °C to about 700 °C, has been found effective for suitable 
thermal removal of the removable coating. 

Following the coating removal step, a section 22 of the optical fiber from 
which the coating has been substantially completely removed enters a fiber 
20 immobilization and grating writing station 24. The station 24 includes means for 
fixing the section 22 of the optical fiber with respect to a source of optical 
radiation, and means for applying the optical radiation to the section 22 to form a 
Bragg grating at a predetermined wavelength or Bragg condition in the optical 

fiber core of the section 22. 

25 Any means for immobilizing the section 22 may be used which holds the 

optical fiber element 12 sufficiently stationary such that a Bragg grating may be 
written in the core of the optical fiber in the section 22 with a desired Bragg 
condition A presently preferred means for immobilizing the section 22 to be 
processed comprises a first tensioning clamp 26 and a stage clamp 28. The clamps 

30 26 and 28 mechanically grip a first end and a second end, respectively, of the 
section 22 To prevent damage to the optical fiber, it is preferred that the clamps 
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26 and 28 engage coated portions of the optical fiber element adjacent the bare 
fiber in the section 22. 

The clamps 26 and 28 may simply hold the section 22 taut and firmly in 
place while the grating is written in the optical fiber, or may be used to apply a 
5 predetermined longitudinal strain to the optical fiber section 22 to produce a 
predetermined Bragg condition in the section 22. It is well known in the art that 
strain may be applied to an optical fiber during the Bragg grating writing process 
to tune the Bragg condition of the grating, such as the resonant frequency. 
Typically, the strain applied to the fiber is limited by its mechanical strength, and 

10 the resulting elongation should not exceed about 10% of the original (pre- 
stretched) length of the fiber. The preferred elongation is less than about 7%, 
most preferably less than about 5%. See, for example, U.S. Patent No. 5,384,884 
to Kashyap et al.; Byron and Rourke, Fabrication of Chirped Fibre Gratings by 
Novel Stretch and Write Technique , Electronics Letters, vol. 1, no. 31 (January 

15 1995), and Zhang et al., Tuning Bragg Wavelength by Writing Gratings on 
Prestrained Fibers , Photonics Technology Letters, vol. 6, no. 7 (July 1994). 

Application of longitudinal strain may also be used to multiplex gratings 
along the length of the optical fiber. Since "downstream" gratings in sections of 
the optical fiber which are not in tension pass the wavelength of light necessary to 

20 monitor the grating in the section under tension, periodic stretching of the optical 
fiber may be used to monitor in real time the accuracy of the grating writing 
process. See U.S. Patent No. 5,384,884 to Kashyap et al.; Campbell & Kashyap, 
Spectral Profile and Multiplexing of Bragg Gratings in Photosensitive Fiber , 
Optics Letters, vol. 16, no. 12 (June 1991). 

25 The longitudinal strain applied to the section 22 may be varied by adjusting 

the tensioning clamp 26. The tensioning clamp may comprise any mechanical 
means (not shown in Fig. 1) for applying a continuously variable strain to the 
section 22, for example, a clamped micrometer, a piezo-electric translation stage, 
or a simple weight. A means for continuously monitoring the strain, such as, for 

30 example, a strain gauge with closed loop control of the tensioning clamp 26, may 
be incorporated in the apparatus to assist in the automation of the Bragg grating 
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write process. The stage clamp 28 will typically be a simple clamp only, but may 
also be capable of applying varying levels of strain to the section 22. Optionally, 
the tensioning clamp 26 and the stage clamp 28 may include means for rotating the 
optical fiber section 22 about its longitudinal axis. For example, this rotational 
5 capability may be used to provide an appropriate Bragg grating synthesis. The 
rotation means may also be used to produce a Bragg grating having a 
predetermined orientation with respect to an internal polarization axis of a 
polarizing or polarization-maintaining optical fiber element. For example, to 
determine the rotational orientation of a polarizing or polarization-maintaining 
1 0 optical fiber with respect to some external reference direction, the optical 

alignment imaging system and rotatable clamp mechanism described in U.S. Patent 
5,013,345 may be used. 

Once the section 22 of the optical fiber to be processed has been 
immobilized, optical radiation may be applied to the section 22 in the 
15 immobilization and grating writing station 24 to produce one or more Bragg 
gratings in the optical fiber core of the section 22. The Bragg grating may be 
produced in the optical fiber section 22 by any method and any optical system 25 
known in the art, such as, for example, by phase mask projection or holography. 
See, for example, Farries et al., Fabrication and P e rfo r m ance of Packaged Fiber 
20 Gratings for Telecommunications , and Rizvi et al., Production of Bragg Gratings 
in O ptical Fibers hv Holographic and Mask Projection Methods, Institution of 
Electrical Engineers, Optical Fiber Gratings and Their Applications, January 1995. 

The presently preferred method for processing the section 22 to form a 
Bragg grating is shown schematically in Fig. 1. In this technique coherent optical 
25 radiation 27 from an excimer laser 25a is directed through a phase mask 25b and 
enters the core of the optical fiber in the section 22 in a direction generally normal 
to the length of the section 22. Preferably, the distance and orientation of the 
section 22 with respect to the phase mask 25b is precisely maintained by an 
arrangement of machined grooves (not shown) in a write head plate 29. 
30 Following writing of the Bragg grating in section 22 of the optical fiber, 

the processed section 22 is transported into an optional annealing unit 30. As is 



WO 98/18031 



16 



PCT7US97/02601 



well known in the art, annealing of an optical fiber Bragg grating ensures that the 
optical properties of the grating will remain constant over an extended period of 
time. See Erdrogan et al., Decay of Ultraviolet-Induced Fiber Bragg Gratings . 
J.Appl.Phys, vol. 76, July 1994, at 73. The annealing is typically performed by 
5 passing the optical fiber section 22 which contains the Bragg grating through a 
heated chamber or zone (not shown). In the heated chamber, radiant or forced air 
heat is applied for a period of time inversely proportional to the applied 
temperature to anneal the section 22 of the optical fiber. The required annealing 
time will vary depending on the characteristics of the optical fiber element and the 
10 desired end use application, but, typically, a one minute dwell in the heating zone 
at about 300 °C is sufficient. 

Following the optional annealing step, the processed section 22 is 
transported into a packaging unit 40. In the packaging unit 40, the section 22 of 
optical fiber in which the Bragg grating is written is covered or packaged for its 
15 particular end use application. For example, in the packaging section 40 the 
section 22 may be recoated with a temporary or permanent coating, temporary or 
permanent rigid or flexible sleeves may be attached, or mechanical devices such as 
connectors may be affixed to cover the section 22. Preferably, in the packaging 
section 40 the processed section 22 which contains the Bragg grating, or the entire 
20 optical fiber element 12, is recoated with any conventional temporary or 
permanent protective coating. 

If the original removable coating provided on the optical fiber element 12 
is in place along the entire fiber length with the exception of the bare section 22, 
to identify the location of the Bragg grating(s) along the fiber length the entire 
25 optical fiber element 12, including the section 22, may be re-coated with a material 
that is visually distinguishable from the original removable coating. For example, 
if the original removable coating is colored, the recoat material applied in the 
packaging section 40 may be clear, or vice-versa. In the alternative, the recoat 
material applied in the packaging section 40 may have a different thickness or 
30 texture than the original removable coating. In addition to or instead of the recoat 
color identifier, the position of the Bragg grating in the section 22 may be 
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identified by applying human readable or machine readable indicia to the recoated 
section 22. Examples may include a bar code, colored bars, machine readable 
characters, or any combination thereof. 

Following packaging, the recoated section 22 may be transported to an 
5 optional cure unit 50 if necessary to cure the coating and/or indicia applied in the 
recoat unit. The cure may be performed by any appropriate method known in the 
art. 

Following the curing step, the completed optical fiber element with at least 
one Bragg grating written therein is routed through a series of alignment pulleys 
10 60 and re-wound on a take-up spool 62 for storage or subsequent processing. 

While the apparatus and process of the present invention have been 
described with respect to formation of a single optical fiber Bragg grating in a 
single predetermined section 22 of the optical fiber element 12, it should be 
apparent to those of ordinary skill in the art that the present apparatus and process 
may also be used to form multiple Bragg gratings in a single predetermined section 
of the optical fiber element, or, individual Bragg gratings in multiple sections of a 
single optical fiber element, without splicing. 

For example, if the removable coating were removed from a first section of 
an optical fiber element in the coating removal station 20 of the apparatus shown 
in Fig. 1, the first section could subsequently be advanced to the immobilization 
and grating writing station 24 as shown in Fig. 1 While the first section is treated 
with the laser in the immobilization and grating writing section to produce 
individual or multiple Bragg gratings therein, the removable coating is removed 
from a second section of the optical fiber element in the coating removal station. 
When the first section is advanced to the annealing station 30, the second section 
may be advanced into the immobilization/writing station 24 to produce individual 
or multiple gratings therein, and a third section may then be treated in the coating 

removal station 20, and so on. 

When such a procedure is used to produce multiple gratings in a single 
optical fiber, strain may be applied to the section in the immobilization/writ.ng 
station to continuously real time monitor its characteristics during formation. For 
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example, Fig. 2A is a spectrum analyzer plot of reflection vs. wavelength for a 
series of 15 individual gratings written on 1.2 meter centers in a single optical fiber 
element to form a grating array using the process of the present invention. The 
center wavelength of the Bragg gratings in the array (see peak A in Fig. 2A) is 
5 about 1551 nm. In Fig. 2B, the fifteenth grating in the array was placed under 
longitudinal strain, and its center wavelength was observed to shift to about 1554 
nm (see peak B in Fig. 2A). The center wavelength of the fourteen non-strained 
gratings in the array was observed to remain constant at about 1551 nm (see peak 
A in Fig. 2B), which demonstrates the uniformity of the characteristics of the 

10 gratings in the array. 

It will be understood that the exemplary embodiments described herein in 
no way limit the scope of the invention. Other modifications of the invention will 
be apparent to those skilled in the art in view of the foregoing description. These 
descriptions are intended to provide specific examples of embodiments which 

15 clearly disclose the present invention. Accordingly, the invention is not limited to 
the described embodiments or to the use of the specific elements, dimensions, 
materials or configurations contained therein. All alternative modifications and 
variations which fall within the spirit and scope of the appended claims are 
included in the present invention. 
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What is claimed is: 

1 A process for manufacturing a Bragg grating in an optical fiber element, 
which comprises the following steps: 

(a) removing at least a portion of a removable coating in at least one 
5 predetermined section of the element to sufficiently expose an 

optical fiber in the section for subsequent treatment with a source 
of optical radiation; ^ 

(b) fixing the at least one section with respect to the source of optical 
radiation; 

! o (c) directing optical radiation from the source into the optical fiber to 

produce at least one Bragg grating in the at least one section; and 
(d) covering the at least one section. 

2. A process as claimed in claim 1, wherein step (a) comprises at least one of 
1 5 mechanical, chemical and thermal removal of the coating. 

3 . A process as claimed in claim 1 , wherein step (b) comprises gripping the 
fiber at a first end and a second end of said predetermined section. 

20 4. A process as claimed in claim 3, wherein step (b) further comprises 
subjecting the predetermined section to a longitudinal strain. 

5 A process as claimed in claim 1 , wherein the optical radiation in step (c) is 
directed into the fiber by at least one of phase mask projection, holography, and 
25 combinations thereof 

6. A process as claimed in claim 1 , further comprising annealing the optical 
fiber following step (c). 

30 7 A process as claimed in claim 1 , wherein step (d) comprises at least one of 
recoating and packaging the predetermined section. 
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8. A process for manufacturing an optical fiber Bragg grating, which 
comprises the following steps: 

(a) providing an optical fiber element with a thermally removable 
5 coating; 

(b) exposing at least one predetermined section the optical fiber 
element to a heated gaseous stream to remove the thermally 
removable coating and expose the optical fiber; 

(c) gripping a first end of the optical fiber and a second end of the 
10 optical fiber to immobilize the at least one section; 

(d) directing optical radiation into the optical fiber to produce at least 
one Bragg grating in the at least one section; 

(e) recoating the at least one section with a second coating, wherein 
the second coating may be the same or different from the thermally 

1 5 removable coating. 

9. A process as claimed in claim 8, further comprising annealing the optical 
fiber following step (d). 



20 10. A process as claimed in claim 8, further comprising marking the section 
following step (e) to identify the Bragg grating. 

11. A process as claimed in claim 8, further comprising curing the second 
coating following step (e). 

25 

12. A process as claimed in claim 8, wherein the second coating has a different 
color than the thermally removable coating. 



13. A process as claimed in claim 8, wherein the second coating has a different 
30 thickness than the thermally removable coating. 
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14 A process as claimed in claim 8, wherein step (c) further comprises 
subjecting the predetermined section to at least one longitudinal strain. 

15. A process as claimed in claim 8, wherein the optical fiber has a 
predetermined Weibull modulus, as measured according to FOTP-28, following 
thermal removal of the coating in step (b). 



WO 98/18031 



PCTYUS97/02601 




WO 98/18031 



2/2 



PCT/US97/02601 



-44- 



-46 H 

m 

|-48. 

o 

t -50- 

LU 
_J 
LL 

lu -52 



-54- 




-56 



1546 



1548 1550 1552 

WAVELENGTH (nm) 

Fig. 2A 



1554 



1556 



-46- 



§ -48 



O 

jz -50- 
o 

LU 

fh -52- 



-54 




-56- 



1546 1548 1550 1552 

WAVELENGTH (nm) 

Fig. 2B 



1554 



1556 



INTERNATIONAL SEARCH REPORT 



L jauooal Application No 

PCT/US 97/02601 



A. CLASSIFICATION OF SUBJECT MATTHR 

IPC 6 G02B6/16 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Mm un urn documentation searched (classification system followed byclassification symbols) 

IPC 6 G02B 



Documentation searched other than minimum documentation to the extent thai such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category a Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



ELECTRONICS LETTERS, 

vol. 31, no. 1, 5 January 1995, 

page 60/61 XP000504167 

BYRON K C ET AL: "FABRICATION OF CHIRPED 
FIBRE GRATINGS BY NOVEL STRETCH AND WRITE 
TECHNIQUE" 

cited in the application 

see left-hand column, paragraph 2; figure 

1 

EP 0 736 783 A ( SUMITOMO ELECTRIC 

INDUSTRIES) 9 October 1996 

see abstract; figure 2C 

see column 5, line 30 - line 43 

see column 6, line 41 - line 51 

see column 7, line 49 - line 51; claim 49 



1-5,7,8, 
11,14,15 



1-5,7,8, 
11,14,15 



Further documents are listed id the continuation of box C. 



Patent family members are listed in annex. 



3 Special categories of cited documents : 

"A" document defining the general state of the art which is not 

considered to be of particular relevance 
*E" earlier document but published on or after the international 

filing date 

*L" document which may throw doubts on priority claira(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

O" document referring to an oral disclosure, use, exhibition or 
other means 

P" doc ument published pnor to the international filing date but 
later than the priority dale claimed 



"T" later document published after the international filing date 
or pnonry date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" doc ument of panic ular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

" Y" document of particular relevance ; the claimed tnvennoo 
cannot be considered lo involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person stalled 
in the art. 

'&" document member of the same patent family 



Dale of the actual completion of the international search 



30 June 1997 



Date of mailing of the international search report 



14/07/1997 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patentlaan 2 
NL - 2280 HV R U sw l jk 
Te!.(+31-7C» 340-2040, Tx. 31 651 epo nl. 
Fax: ( + 31-70) 340-3016 



Authorized officer 



Jakober, F 



f orm K_"T7ISA/2IU<s«:ond shoei)(July 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



■ .national Application No 

PCT/US 97/02601 



C.(Cooiinuation> DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 1 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



EP 0 715 193 A ( CORNING INC) 5 June 1996 

see abstract; figures 1,3 

see column 2, line 55 - column 3, line 6 

see column 6, line 31 - line 47 

US 5 384 884 A (KASHYAP RAMAN ET AL) 24 
January 1995 

cited in the application 
see abstract 

see column 2, line 6 - line 17 
see column 3, line 1 - line 15 

US 5 422 745 A (WILLIAMS GLEN M ET AL) 6 
June 1995 

see column 6, 1 i ne 39 - 1 i ne 52 

US 4 593 969 A (GOODMAN JACK E ET AL ) 10 
June 1986 

see abstract; figure 1 



8,11,14, 
15 



1,3,4,14 



6,9 



10,13 



Form Pd/lS A/2 10 u onuniution of s«ond sheet | i Juiy 1 f /)2 ) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 



Information on paien( family me fibers 



.national Application No 

PCT/US 97/02601 



Patent document, 
cited in search report 



Publication 
date 



Patent family 
memberls) 



Publication 
dale 



EP 0736783 A 



09-10-96 



CA 
US 



2170233 A 
5633966 A 



08-10-96 
27-05-97 



EP 


0715193 


A 


05-06-96 


AU 


3910095 


A 


06-06-96 










CA 


2163939 


A 


02-06-96 










CZ 


9503172 


A 


12-06-96 










HU 


73988 


A 


28-10-96 










JP 


8248234 


A 


27-09-96 










PL 


311538 


A 


10-06-96 


US 


5384884 


A 


24-01-95 


AU 


8874791 


A 


11-06-92 










CA 


2093642 


A 


09-05-92 










DE 


69116166 


0 


15-02-96 










DE 


69116166 


T 


15-05-96 










EP 


0556247 


A 


25-08-93 










WO 


9208999 


A 


29-05-92 










JP 


6501783 


T 


24-02-94 



US 


5422745 


A 


06-06-95 


NONE 


US 


4593969 


A 


10-06-86 


NONE 



orm f<rr/TSA/2jO ([larcni firmly anncij (July I r y?2) 



